Objectives: To compare the perfusion characteristics of mediastinal lymph node metastases with those of non-metastatic nodes in patients with newly diagnosed lung cancer using volume perfusion computed tomography (VPCT). Materials and methods: Between January 2010 and October 2011, 101 patients with histologically confirmed, untreated lung cancer received a 40-s VPCT of the tumor bulk; 32/101 patients had evident hilar/mediastinal metastatic disease and 17/101 patients had proven non-metastasized lymph nodes within the VPCT scan range. Validation or exclusion of metastatic node involvement was proven by mediastinoscopy, biopsy, positron emission tomography imaging and/or unequivocal volume dynamics on follow-up computed tomography. A total of 45 metastases and 23 non-metastatic lymph nodes were found within the scan range and subsequently evaluated. Blood flow (BF), blood volume (BV) and K trans were determined. Tumor volume was recorded as whole tumor volume. Results: In a comparison between metastatic and non-metastatic lymph nodes, we controlled for age, lymph node volume, lung tumor volume, lung tumor location, and histologic type effects and found no significant differences with respect to BF, BV, K trans or heterogeneity in nodal perfusion (P40.05, respectively), even after adjusting lymph node perfusion values to the perfusion parameters of the primary tumor (P40.05, respectively). Metastatic lymph node volume had a significant increasing effect on perfusion heterogeneity (P50.05, respectively) and BV in the primary was a highly significant factor for BV in metastatic disease (P50.001). Conclusion: Perfusion characteristics of mediastinal metastatic and non-metastatic lymph nodes in untreated lung cancer show considerable overlap, so that a reliable differentiation via VPCT is not possible.
ORIGINAL ARTICLE
Does volume perfusion computed tomography enable differentiation of metastatic and non-metastatic mediastinal lymph nodes in lung cancer patients?
A feasibility study Lung cancer constitutes the leading cause of cancer deaths in the United States [1] and occurs mainly in 2 forms: small cell lung cancer (SCLC, about 15% of lung cancers) and non-small cell lung cancer (NSCLC, about 85%). NSCLC encompasses 3 major histologic subtypes: squamous cell carcinoma (SCC), adenocarcinoma (Adeno-Ca), and large cell lung cancer (LCLC). Attempts have been made to characterize these tumor types with molecular techniques [2] , histopathology [3] , as well as anatomic and functional imaging via positron This paper is available online at http://www.cancerimaging.org. In the event of a change in the URL address, please use the DOI provided to locate the paper. emission tomography (PET), computed tomography (CT), and magnetic resonance imaging (MRI) [4] . Recently, public attention has been drawn to perfusion imaging and especially the applicability and potential benefit of volume perfusion CT (VPCT) in the assessment of lung cancer [57] . VPCT measures the accumulation of contrast material in a defined volume of interest (VOI) through repeated CT scanning. The density/time curves of the afferent artery and the VOI are compared, assuming that contrast pharmacokinetics correspond to a two-compartment model (Patlak analysis). This allows the estimation of perfusion and permeability in a tumor volume [8] . Initially, intravascular contrast enhancement is used to assess perfusion [9, 10] , whereas the subsequent permeation of contrast material from the intra-into the extravascular compartment can be used to measure the transit constant (K trans or flow extraction product, which is the sum of capillary permeability and microvascular flow) [11, 12] . Although several studies have investigated the perfusion parameters and K trans of primary pulmonary tumors [5, 6, 13, 14] , no comparative assessment of mediastinal metastatic disease in lung cancer via VPCT has been described in the literature. Therefore, we set out to compare perfusion parameters, including K trans (flow extraction product), in mediastinal metastatic disease and nonmetastatic lymph nodes of newly diagnosed patients with lung cancer using VPCT. In the search for distinctive perfusion traits, 2 evaluations are necessary: First, we compare absolute VPCT values of metastatic and normal lymph nodes. In certain types of metastases such as lung metastases, perfusion characteristics in metastatic disease might be influenced by the respective primary. This may be less likely in lymph node metastasis, as lymph nodes could also be partially occupied by cancer cells. Nevertheless, it is reasonable to perform a second, additional analysis, adjusting lymph node perfusion values to the perfusion parameters of the respective primary tumor.
Materials and methods

Population
Our local Research Ethics Committee approved this study, and all patients provided written informed consent including information about the radiation exposure from the CT examinations. For eligibility, patients needed to have untreated, histologically confirmed lung cancer. Exclusion criteria for contrast medium administration were kidney dysfunction (i.e. a serum creatinine level 4150 mmol/l), hypersensitivity to iodine-containing contrast material, pregnancy, and/or untreated hyperthyroidism. Between January 2010 and October 2011, 101 consecutive patients with histologically confirmed lung cancer were prospectively assessed. In due consideration of radiation hygiene, the VPCT scan range of our feasibility study was limited to the primary and the lymph nodes contained within the same height, deliberately abstaining from complete mediastinal VPCT assessment. Histologic diagnosis of lung cancer was obtained by tumor resection and by core biopsy (using a true-cut 1820 gage coaxial needle system). In 32/101 patients, metastatic disease within the VPCT scan range was shown by (a) core biopsy (n ¼ 5), (b) a pronounced reduction (n ¼ 17) or (c) increase in volume (n ¼ 2) without an inflammatory cause, and
The criteria for metastatic disease were for (b) a volume reduction of 450% after onset of chemotherapy at CT surveillance 7 months, (c) a volume increase of 450% over a period of 6 months, (d) maximum standardized uptake value (SUV max ) 43.0 and a reduction in tumor volume of 450% under chemotherapy at follow-up (n ¼ 4/8); or masses 44 cm and SUV max values of 5.610.8 (n ¼ 4/8) [15] . A total of 45 proven metastases in these 32 patients were found within the scan range and subsequently evaluated.
Analogously, in 17/101 patients, mediastinal metastatic disease was excluded in lymph nodes within the VPCT scan range by (a) resection (n ¼ 8) or (b) unchanged size at 46 months follow-up without any heterogeneity (n ¼ 9). Altogether 23 non-metastatic lymph nodes in these 17 patients were within the scan range; 2/49 patients had a combination of metastatic and nonmetastatic nodes.
CT protocol
All examinations were performed on a 128-row CT scanner (Somatom Definition ASþ, Siemens Healthcare, Forchheim, Germany). A non-enhanced low-dose CT (NECT) of the thorax (40 mAs, 100 kV, slice thickness ¼ 5.0 mm, collimation 128 Â 0.6 mm, tube rotation time 0.5 s, pitch 0.6) was obtained to localize lung tumors. Subsequently, an experienced radiologist analyzed the NECT and a scan range of 6.9 cm z-axis coverage was planned over the lung cancer, followed by a VPCT of the tumor using an adaptive spiral scanning technique. Perfusion parameters were 80 kV, 60/80 mAs (for patients 570 kg and 470 kg, respectively), collimation 64 Â 0.6 mm with z-flying focal spot and 26 CT whole coverage of the lung cancer (1 scan every 1.5 s) within a total scan time of 40 s. The mean radiation exposure for perfusion measurements in the thorax was 3.0 mSv for a normal-weighted male and 5.5 mSv for a normal-weighted female [16] . During perfusion scanning, the patients were asked to resume shallow breathing for the duration of the study. Fifty milliliters of Ultravist 370 (Bayer Vital Leverkusen, Germany) were injected at a flow rate of 5 ml/s in an antecubital vein followed by a saline flush of 50 ml NaCl at 5 ml/s, and a start delay ofGermany). After the perfusion scans, another 80 ml of contrast medium were applied, and dose-reduced (CARE dose) chest and abdominal CT scans were subsequently obtained for staging purposes. From the VPCT raw data, one set of axial images with a slice thickness of 3 mm for perfusion analysis was reconstructed without overlap, using a medium smooth tissue convolution kernel (B10f). All images were transferred to an external workstation (Multi-Modality Workplace, Siemens) for analysis.
Quantitative perfusion assessment
Data evaluation was performed with the syngo Volume Perfusion CT Body software based on Patlak analysis. The reader (a radiologist with 4 years of experience and with a focus on oncologic imaging for 3 years) was blinded to all clinical data except gender and age of the patients. Automated motion correction and noise reduction of the datasets were applied by using an integrated motion correction algorithm with non-rigid deformable registration for anatomic alignment [17] . A VOI was drawn manually around the entire tumor or lymph node volumes in all 3 planes on the maximum intensity projection (MIP) image sets. Care was taken to exclude adjacent tissues and blood vessels. In the acquired dataset, a region of interest (ROI) was placed inside the aorta to measure the arterial input function and enable triggering of data evaluation. Perfusion parameter maps for blood flow (BF; ml/100 ml/min), blood volume (BV; ml/100 ml) and K trans (ml/100 ml/min) were obtained for statistical analysis. Additional VOIs within the volume of the original VOIs, surrounding the area of maximum BF and maximum K trans were drawn and values were recorded as BF max , and K trans max , respectively. Analogous to PET imaging studies using a ratio of maximum and mean SUV, the ratios of maximum and mean values within tumor masses were recorded to assess tumor heterogeneity with respect to BF and K trans [18] .
Lung cancer and lymph node volumes
Tumor volumes were determined in the standard contrastenhanced CT scans by manual placement of a VOI around the tumor (using the Siemens Oncology/Volumetry tool on a dedicated workstation). The minimum long and short axis diameters of the lymph nodes were 8 mm and 5 mm, respectively. A lung tumor was defined as central when it had contact with the lung hilus [19] .
Statistics
All data are reported as the arithmetic mean AE SD. Statistical analysis (software: Stata 11.0; StataCorp LP) was performed using the Student t test. Simple ordinary least squares (OLS) regressions were applied to estimate potential effects and controlled for age of lung tumor volume, lymph node volume, central versus peripheral location of the lung tumor, and tumor type. For all tests P values50.05 were considered as statistically significant.
Results
Location, histological subtypes and volume of lung cancers
Lung cancers were located centrally in 22/32 (69%) patients with metastatic disease and in 9/17 (53%) patients with excluded metastasis. Adeno-Ca was more frequently accompanied by normal lymph nodes, whereas SCLC was more often associated with node metastases (Table 1 ). Metastatic and non-metastatic nodes were evenly distributed in SCC (Table 1) . According to the Student t test, lung cancer tumor volume was just not significantly higher in patients with metastasis (81.8 AE 73.5 ml) compared with those in whom metastatic disease was excluded (41.4 AE 52.2 ml) (P ¼ 0.062). Metastases had a mean volume of 26.4 AE 28.9 ml, whereas non-metastasized lymph nodes were considerably smaller (1.9 AE 2.4 ml) (P50.001).
Comparison of lymph node perfusion parameters in metastatic versus non-metastatic nodes
Even though perfusion parameters of metastatic lymph nodes seemed smaller than those of normal lymph nodes (Tables 2 and 3 ), these differences were not significant in our patient group due to a large overlap of values (P40.05). We studied the mets vs benign coefficient, which measures the difference of the various perfusion parameters between metastatic and normal lymph nodes.
In an OLS regression of metastatic and normal lymph nodes, we controlled for age, lymph node volume, lung tumor volume, lung tumor location and tumor type effects, and found no significant differences with respect to either mean BF, mean BV, mean K trans , the ratio of BF max to mean BF (or the ratio of K trans max to mean K trans (Table 2 ) (P40.05, respectively). (Table 5) . Perfusion values of metastatic lymph nodes did not explain the perfusion parameters of the respective primary lung tumor, except for mean BV in the primary, which was a highly significant factor for mean BV in metastatic disease (P50.001) ( Table 5) .
Due to the smaller sample size, the analysis of nonmetastatic lymph nodes had to be limited to a diminished set of explanatory variables. Thus, the same dependent variables were regressed on the respective perfusion parameters, as well as tumor volume of the primary and lymph node volume. No factor was found to be significant (P40.05, respectively) ( Table 6 ).
Discussion
In patients with lung cancer without distant metastasis, mediastinal lymph node status is of major importance for appropriate treatment, as mediastinal spread (N2 and N3 disease) precludes a primarily surgical approach [20] . CT, PET, PET/CT, mediastinoscopy, and needle aspiration techniques such as endobronchial ultrasonography (EBUS), esophageal ultrasonography (EUS), trans-bronchial needle aspiration and trans-thoracic needle aspiration are used for mediastinal staging [21] . Although the use of PET and PET/CT combined with well-directed EBUS and EUS increases sensitivities, specificities, and accuracies to 490% [22, 23] , the diagnostic accuracy for CT, PET and even PET/CT alone is low in an unselected population [15, 24] . Hence, new imaging techniques capturing tissue characteristics other than size or metabolic activity may enable further improvement in the depiction of metastases and are still being searched for.
Tumor angiogenesis results in the formation of tortuous, irregular and immature blood vessels. These neovessels demonstrate an incomplete basement membrane, defects in the endothelial cell layer and transcellular holes [25, 26] . The consecutive net efflux of fluid into the surrounding interstitial space and the lack of functional lymphatics leads to increased interstitial pressure [27, 28] . Extracellular matrix remodeling by fibroblasts, macrophages and other inflammatory cells further contributes to increased interstitial pressure but also forms a barrier to transcapillary transport. These pathophysiologic changes create an obstacle for treatment of tumors through inefficient uptake of therapeutic agents [29] and may result in characteristic traits concerning tumor vascularization and permeability. The following are dummy variables: Central Tu is coded 1 if the tumor is located centrally. Tumor type1 and tumor type2 are coded 1 if the patient has SCC or SCLC, respectively. Hence, the baseline scenario represents patients with Adeno-Ca, and is coded by setting both dummy variables equal to zero. Intercept coefficients are listed for the sake of completeness with no clinical relevance. ***, ** and * denote significance level at the 1, 5 and 10% levels, respectively.
Volume perfusion computed tomography and lung cancer 327 VPCT using new-generation multidetector CT scanners and automated motion correction allow for high spatial and temporal resolution by close-meshed scanning sequences, even with free shallow breathing of the patient. Conflicting results exist concerning the value of perfusion imaging in the depiction of malignant lymph nodes, depending on lymph node location and the tumor being studied. Razek et al. [30] detected significant differences in the mean dynamic susceptibility contrast (DSC) percentage of benign and metastatic cervical lymph nodes from SCC, using MR perfusion imaging. In contrast, Bisdas et al. [31] observed that perfusion values and permeability surface product as determined by VPCT were not significantly different in metastatic and nonmetastatic lymph nodes in patients with oropharyngeal and oral cavity cancer. Liu et al. [32] again found significant differences in BF (but not BV or permeability surface) via VPCT between metastatic and inflammatory enlarged axillary lymph nodes in patients with breast cancer. Hence, additional characteristics, such as vascularization and permeability of lymph nodes, may enable a further improvement in the diagnosis of lymph node metastasis. This is the first study to investigate perfusion parameters, including K trans in mediastinal metastatic disease and non-metastatic lymph nodes in patients with untreated lung cancer using VPCT. Even though the mean perfusion parameters of metastatic lymph nodes and primary lung tumors seemed smaller than those of non-metastatic lymph nodes, these differences were not significant in our patient group (P40.05). Consequently, in an OLS regression of metastatic and normal lymph nodes, we found no significant differences with respect to BF, BV, K trans or heterogeneity in nodal perfusion but a broad range of values. Perfusion characteristics in solid metastatic disease might be influenced by the respective primary. Although this may be less likely in lymph node metastasis, we still performed a second analysis adjusting lymph node perfusion values to the perfusion parameters of the respective primary tumor. However, again, no significant differences in perfusion and K trans of metastatic and non-metastatic disease were observed. Other studies have reported that large-sized lung cancers exhibit lower perfusion values compared with smaller tumors, probably due to central tumor necrosis and increased interstitial pressure [19, 33] . Concordantly, we found that lymph node volume had a significantly increasing effect on perfusion heterogeneity. Perfusion values of metastatic lymph nodes were not explained by the perfusion parameters of the respective primary lung tumor, except for mean BV in the primary, which was a highly significant factor for mean BV in metastatic disease. However, this connection cannot be used to reliably differentiate between malignant and benign disease in lung cancer.
Our results for lung cancer metastasis to the mediastinum differ from those reported for oropharyngeal/hypopharyngeal cancer metastasis to the neck [31] or breast cancer metastasis to the axilla [32] , where higher perfusion values are described in metastatic compared with normal lymph nodes. There are different possible explanations for this diversity, as well as the great overlap in perfusion of both metastatic and non-metastatic lymph nodes. Heterogeneity of perfusion within the metastatic group may reflect areas of necrosis [19, 33] or unspecific perfusion of the primary tumor [34] and confirm the uniqueness of every single tumor, being influenced by many variables including the microenvironment. Furthermore, lung cancer and mediastinal metastatic disease are often diagnosed at a later stage and with larger tumor volumes than oropharyngeal cancer and neck metastasis or breast cancer and axillary metastasis. This is also reflected in our results where we find a mean tumor volume of mediastinal metastases of 26.4 AE 28.9 ml, which is much larger than the neck metastases of oropharyngeal cancer (5.19 AE 4.89 ml) described by Bisdas et al. [31] or the axillary metastases (mean diameter 1.60 ml) observed by Liu et al. [32] . As larger tumors have a higher likelihood of becoming necrotic [19, 33] , this may at least partially explain the differences in perfusion traits. Every tumor type has different characteristics and the results for oral, breast or lung cancer cannot be generalized to all other carcinomas. Non-metastatic mediastinal lymph node enlargement is believed to represent a reaction to infectious or immunologic processes passing through different phases of inflammatory activity. Thus, the coexistence of both active and inactive inflammation within these nodes may have a bearing on the degree of perfusion [32, 35] . Moreover, areas of post-stenotic pneumonia and impairment of mucociliary clearance are accompanied by some degree of inflammation, which may again affect lymph node perfusion. This is also thought to explain the falsepositive and false-negative results of FDG-PET in this clinical setting [15, 24] . This study has several shortcomings. First, due to the small sample size, an in-depth regression analysis involving all variables was hampered in the non-metastatic lymph node group and the within-group analysis had to be conducted on a limited set of explanatory variables, as otherwise there was not enough variation in the dataset. Further studies are warranted to elucidate these interrelations. However, this was not the principle point of this study; the goal was to compare perfusion parameters of metastatic and non-metastatic lymph nodes in patients with untreated lung cancer and search for possible differentiating parameters. Second, not all mediastinal lymph Figure 2 Perfusion parameter maps for BF (ml/100 ml/min), BV (ml/100 ml) and K trans (ml/100 ml/min) of lung tumor (AC) and mediastinal lymph node (DE), respectively.
Volume perfusion computed tomography and lung cancer 329 nodes were evaluated by VPCT. In due consideration of radiation hygiene, the VPCT scan range of our feasibility study was limited to the primary and the lymph nodes contained within the same height, deliberately abstaining from complete mediastinal VPCT assessment. Furthermore, the VPCT protocol does not allow for highly accurate BF measurement due to the limited temporal resolution chosen, dictated by the concern about dose exposure, which is inherent to any radiation-based technique.
Conclusion
Our preliminary results show that VPCT perfusion parameters and K trans of metastatic and non-metastatic lymph nodes in patients with untreated lung cancer cover a broad range of values and cannot be used for reliable depiction of mediastinal disease.
